Abstract: Hydrogen fuel cell (H 2 FC) buses operating in every day public transport services around Europe are assessed for their sustainability against environmental, economic and social criteria. As part of this assessment the buses are evaluated against diesel buses both in terms of sustainability and in terms of meeting real world requirements with respect to operational performance. The study concludes that H 2 FC buses meet operability and performance criteria and are sustainable environmentally when 'green' hydrogen is used. The economic sustainability of the buses, in terms of affordability, achieves parity with their fossil fuel equivalent by 2030 when the indirect costs to human health and climate change are included. Societal acceptance by those who worked with and used the buses supports the positive findings of earlier studies, although satisfactory operability and performance are shown to be essential to positive attitudes. Influential policy makers expressed positive sentiments only if 'green' hydrogen is used and the affordability issues can be addressed. No "show-stopper" is identified that would prevent future generations from using H 2 FC buses in public transport on a broad scale due to damage to the environment or to other factors that impinge on quality of life.
Introduction
There is an urgent need to find and develop alternative energy sources for stationary and mobility applications [1, 2] . Climate change, local pollution, fossil fuel use and lack of energy security pose significant risks for people and ecosystems [3] . In response to these risks, the European Union (EU) has been facilitating the development of public transport vehicles that support the energy decarbonisation strategy for general mobility [4] . This has resulted in a number of Public-Private Partnerships to develop local zero emission public transport technology, including a succession of hydrogen fuel cell (H 2 FC) bus projects: CUTE (2001) (2002) (2003) (2004) (2005) (2006) [5] , HyFLEET:CUTE (2006 -2009 [6] , CHIC (2010 CHIC ( -2016 [7] and JIVE (2017-2020) [8] .
H 2 FC buses are being evaluated from many different perspectives. Life Cycle Assessments of H 2 FC buses [9, 10] show that green H 2 is key for significant environmental benefits compared with fossil driven diesel buses. Technical information on H 2 FC buses and their use in demonstration projects are also available [11] [12] [13] [14] [15] . Exergetic evaluation of H 2 FC buses have also been conducted [16] . Work on effects of light weighting has also been performed for automotive applications [17, 18] as well as dealing with the challenges for modelling and integrating of light weighting into concept design [19] . However, there are no studies available on the effects of light weighting in relation to buses in general and H 2 FC buses in particular. Therefore, fuel consumption in real life operations was chosen in this article as the basis for the evaluation. While there are regulations for limiting the fuel consumption and accordingly the CO 2 emissions per km of passenger cars and light duty vehicles [20] there is nothing similar for buses which makes the work on alternative low CO 2 emission fuels in this field even more important.
There have also been two major cost studies conducted [21, 22] . These two studies evaluate H 2 FC buses using a Total Cost of Ownership approach. However, they neglect the indirect cost of emission impacts on climate and human health and these impacts have been included in the study reported here.
Studies on the social aspects of the introduction of H 2 FC bus technology have focused on acceptance of the use of H 2 as a fuel [23] [24] [25] [26] [27] and on the willingness to pay a price premium [28] [29] [30] . The work of these evaluations is extended in this report by examining the view of those responsible for the implementation of H 2 FC buses, of direct users and of those who are critical and/or sceptical of the technology.
Furthermore, none of the studies and articles mentioned incorporates all three pillars of sustainability in their evaluation of H 2 FC buses for an overall view of the technology.
H 2 FC powered buses are now a viable technological alternative to diesel powered buses [31] . However, it is essential that the technology delivers transport services that are truly sustainable and not just another contributor to environmental impact problems.
This article presents a broad assessment of the sustainability of H 2 FC buses against environmental, economic and social criteria.
Materials and Methods
The following chapter forms the basis for the methodological approach in this article. Commencing with a working definition of Sustainability, existing and available measures from real life application of, and experiences with the H 2 FC Buses are used. This is done by addressing all three pillars of sustainability and, additionally, evaluating the technical performance of the buses, as to be sustainable they have to fulfil the same duty as diesel buses.
Sustainability: A Working Definition
This article uses the definition of sustainability articulated by the UN World Commission on Environment and Development (the 'Brundtland Report'). This report defines sustainable development as: "development that meets the needs of the present without compromising the ability of future generations to meet their own needs" [32] . In the context of H 2 FC buses, this can be re-phrased as follows:
"If we use H 2 FC buses today, can future generations also use them on a broad-scale, without damaging the environment or their quality of life?" While commentators have been critical of the Brundtland definition, noting that it is paradoxical, confused and fraught with contradictions [33] , it provides a useful and simple starting point for discussion. It acknowledges inter-generational equity and that a new technology may alter the natural and social environment with either a "sustaining" or destructive impact.
Since the publication of the "Brundtland Report," the discourse on sustainability has morphed into a focus on the complex and dynamic interaction of environment, economy and society [34] . These three 'pillars' are constantly addressed in the literature on sustainability and issues around establishing a balance between the pillars remains a subject of considerable debate [2, 35] . To understand the full implications of a new technology on sustainable development clearly requires a range of studies that target these complexities. This article seeks to extend that understanding by addressing all three pillars.
Boundary Conditions
The FC buses under evaluation are from different manufacturers and vary in several technical characteristics, such as capacity, length, weight and drivetrain (Table 1) . To facilitate the sustainability assessment of the buses it was decided to use an average bus. This would avoid the impacts of any specific local circumstances and enable general conclusions to be drawn. An example of the impact of local conditions is fuel consumption which has a major impact on sustainability. This can vary for the same bus type between 8.0 kg H 2 /100 km in one city up to 9.9 kg H 2 /100 km in another city depending on the local boundary conditions. Table 2 shows the site-specific fuel consumption of the FC buses measured over up to 5 years in real time operations in daily revenue service over all four seasons and under typical operating conditions. The environmental and economic sustainability evaluations reported in this paper are based on the 12 m H 2 FC and diesel non-articulated bus which is one of the most commonly used buses in Europe. It is also the basis for the Total Cost of Ownership calculation. The fuel consumption of similar diesel buses running under the same conditions was measured concurrently in order to provide a valid comparison. Table 3 shows the consumption and expected lifetime of the buses. The bus lifetime of 720,000 km was used in previously reported studies [9, 36, 37] and was agreed by bus operators as a realistic average lifetime for current buses. Fuel cell (FC) stack lifetime is currently a key factor influencing H 2 FC bus lifetime. The expectation for the current stack generation is 12,000 h/Stack. Using an average speed of 20 km/h this results in 240,000 km stack lifetime. As the stack lifetime in the current generation is less than the bus lifetime, the stack has to be exchanged twice over the bus lifetime. It can be expected that future FCs will have a longer stack lifetime in the range of 20,000 to 25,000 h which would result in one stack change during the bus lifetime. This expectation is realistic as one fuel cell stack in the study exceeded 22,000 h and was still operating at the time of writing [37] . 
Technology and Operability Evaluation Methodology
The functionality of the technology from an engineering point of view is critical as H 2 FC buses must fulfil the same duty as the incumbent diesel buses. For public transport this can be assessed by the measurement of certain operating factors:
If the H 2 FC buses are found to offer the same operability as diesel buses, then attention can focus on the sustainability of the new technology in terms of the three pillars of environment, economics and society.
Environmental Sustainability Methodology
A comprehensive LCA on H 2 FC buses was performed. The functional unit used was 1 km of bus driving. The system boundary included production of the vehicles and refuelling infrastructure, fuel production and usage as well as maintenance through to the end of life (Figure 1 ). Data on the production of the vehicles and refuelling infrastructure are based on primary data from the manufacturers. Consumption data in the use phase is based on real life measurements in various cities over several years (Table 2) . Assumptions regarding bus and FC lifetime are shown in the boundary conditions in Table 3 . End of life was modelled by recycling the metal components and giving a credit for avoided primary production and waste incineration of the remainder. As the buses have the sole purpose of driving there was no multi-functionality. Multi-functionality in the end of life phase was resolved by giving credits and is not detailed due to its minor impact over the life cycle. The software used to undertake the calculations was GaBi [38] . In this article focus has been on the impact of the buses on climate change described through the impact category Global Warming Potential (GWP). Other environmental impact categories can be found in ( 
Economic Sustainability Methodology
There are many different economic sustainability evaluations that can be performed, all of which help inform the overall picture. For example, the investment cost of H 2 infrastructure and H 2 FC buses are important for cities considering deploying H 2 FC buses in addition to the operational expenditure [37, 39, 40] . For a more comprehensive cost overview of H 2 FC buses, this article has used the Total Cost of Ownership (TCO) methodology which includes the individual costs mentioned above plus others described below.
The TCO used in this article includes the production of the good, including the margin of the producer. Next to the running and purchase costs, the financing and infrastructure costs are considered. In addition, the 'conventional' TCO is extended in this article by calculating the indirect costs caused by emissions impacting on human health and climate change. The indirect costs of local emissions are evaluated using the measurement of the emissions of a diesel bus per km line service in inner London and combining this with evaluations on cost per emission. These extra costs are added to the TCO to provide a more comprehensive measure of the economic sustainability of the H 2 FC buses when compared with their diesel counterpart.
Social Sustainability Methodology
Studies of H 2 FC buses and their relationship with the community have concentrated largely on the acceptance of the technology [23] [24] [25] [26] [27] , in particular acceptance of the use of hydrogen fuel in public transport and on the willingness of the community to pay for the higher costs of the technology [28] [29] [30] . The additional research reported in this article examines the views of those responsible for implementing the technology and immediate users in the community and those known to be critical and/or sceptical of the use of H 2 as a transport energy vector. This work also reflects more heavily on the factors influencing acceptance rather than just levels of acceptance per se.
In relation to implementers and users, 185 face-to-face, one-hour interviews were conducted in five European regions between 2011-2013 [41] . In order to identify influencing factors in relation to acceptance, most interview regions were visited twice, before and after the start of operation of H 2 FC buses and hydrogen refuelling station/s.
A study was also conducted to gather the views of potential 'critics and/or sceptics' of hydrogen use in transport [42, 43] . The criteria for choosing the interviewees were (1) they were known critics or sceptics of the technology and (2) they were in a position to influence the future uptake of the technology. In the initial part of the study, 50 one hour interviews were conducted using a flexible, open-ended question approach [42] . In a follow up study a limited number of participants in the first round were re-interviewed using the same methodology [43] .
Results
After an initial overview of the boundary conditions used for the evaluation in this article, the operability of the technology and the three sustainability pillars are assessed separately. A discussion follows which includes a teasing out of the dynamic inter-relationship between the pillars.
Technology and Operability Analysis and Results
H 2 FC bus range and operating hours per day were found to be comparable with the typical diesel buses. The current generation of H 2 FC buses can operate long daily shifts of up to 22 h and 260 km per day in revenue service without the need to be refuelled [37] . This is comparable to the service capabilities of diesel buses.
High speed refuelling is necessary as buses are commonly refuelled after returning to the depot, occasioning a peak time during which many buses have to be refuelled. The speed of refuelling determines the number of buses that can be refuelled per dispenser and the resulting infrastructure and staff costs. This has been an issue in previous trials of H 2 FC bus fleets as slow refuelling limited the numbers of buses per dispenser. Refuelling time has been significantly enhanced with most stations being able to fill a bus in less than 10 min, typically 6 to 8 min for the average hydrogen amount dispensed (17 kg H 2 ). Recent studies show that with refuelling times of less than 10 min, 4 dispenser points are sufficient for refuelling a fleet of 100 H 2 FC buses within 5 h. This is comparable with the diesel based system and presents no "real world" problems [44] .
High bus availability is a crucial aspect of operating a public transport system. A bus requiring downtime means committing resources (time and money) to repair the vehicle, as well as costs for replacement buses. The availability of the H 2 FC buses was tracked over several years. Availability of 100% is not theoretically possible as scheduled maintenance is included in the availability calculation. After a teething period in the first years of operation (2010-2013), the availability of the H 2 FC buses averaged 70%. By the end of the trial the H 2 FC buses achieved closer to 85% [31] . Some of the reasons for unavailability arose from the small number of buses and limited availability of some resources. For example, spare part availability was inconsistent. This issue is expected to improve once a critical mass of buses is in operation. Bus technicians also experienced a significant learning curve resulting in higher availability as they became more familiar with the new technology. A comparable diesel bus has an availability target of 85-95% depending on the site. Improvement in H 2 FC bus availability is necessary to provide an acceptable level of operability.
Overall there appears to be no 'show stopper' relating to the technical performance of the buses.
Environmental Analysis and Results
The Environmental Analysis was performed across the full life cycle. This comprised the manufacture of the buses and the refuelling infrastructure, the operation and production of fuel and maintenance up to the end of life. Overwhelmingly, the results were determined by the method of H 2 production. Hence two scenarios are considered here to illustrate the possible range of results. One scenario is for 'grey' H 2 produced by a central steam methane reformer, compressed to 200 bar, stored in gas bottle bundles on a trailer, transported for 200 km to the bus refuelling station and finally compressed at the refuelling station (13.2 kg CO 2 eq. per kg H 2 at nozzle). The second scenario is H 2 produced on-site using an electrolyser, powered by renewable energy available on-site (either wind or hydro) and including final compression (from 0.5 to 0.7 kg CO 2 eq. per kg H 2 at nozzle). This is a production scenario referred to as 'green' hydrogen. Figure 2 shows the GWP emissions for the two scenarios and the comparison with the diesel bus. It is clear that using green H 2 is highly advantageous compared with a diesel bus, providing around 85% savings in Greenhouse emissions. The result for the H 2 FC bus using H 2 from a steam methane reformer is slightly higher than the diesel bus. The results of this analysis clearly show that from an environmental point of view, a pathway using green H 2 has great potential to deliver a sustainable system with fewer environmental impacts compared to fossil fuel use. There are numerous other studies using LCA which support this conclusion [9, 10, [45] [46] [47] [48] [49] [50] [51] [52] 
Economics Analysis and Results
In the first instance this evaluation considered the indirect costs of local transport emissions to human health and the environment. This is followed by a calculation of the total cost of ownership, including the indirect health costs arising from the use of fossil fuel in diesel buses. An economic comparison of H 2 FC buses with diesel equivalents is then calculated.
Indirect Costs of Transport Emissions
The indirect costs of transport emissions have been the focus of previous studies. Kontou et al. [53] and Liu et al. [54] for example included indirect costs related to climate change in their studies of low carbon vehicles. However, they did not include the indirect costs of other emissions such as Particulate Matter (PM 2.5 ) and Nitrogen Oxides (NO x ) emissions and the cost of these on human health.
In this article, the indirect costs for human health and climate change from local transport emission impacts were evaluated using data from London as an example. London was chosen because measurements are available for emissions of diesel buses as well as studies estimating the indirect costs of PM 2.5 and NO x emissions for the specific circumstances in London. These measures were combined with information from the German Federal Environmental Agency to provide estimates of values for indirect costs of climate change, NO x , PM 2.5 and non-methane volatile organic compound (NMVOC) for the European Union.
The Walton et al. study [55] derived the indirect costs of transport emissions for PM 2.5 and NO x as £/t in 2014 prices. The average exchange rate for 2014 [56] was used to calculate the values in Table 4 . The study by the German Federal Environment Agency provided values in Euro [57] . Table 4 shows the indirect costs of transport emissions for Inner London and EU27 urban. Walton et al. [55] used two methodologies: "core" and "extended." The main difference is that "extended" includes effects of long-term exposure to NO x , which are less certain. As the cost in Table 4 varies also, the results derived also vary. It should be noted that the authors of the study state that indirect costs were estimated rather than calculated [55] .
The results of the emission measurement in London are given in g/km ( Table 5 ). The NO x , PM and Total Hydrocarbon (THC) measurements are not based on a standard driving test cycle. Rather they are drawn from the Millbrook London Transport Bus (MLTB) cycle which is based on real time data collected from a bus serving route 159 in inner London [58] . The consumption and CO 2 emissions were measured on the same route as the H 2 FC bus (RV1 route in inner London). Combining the information on indirect costs of harmful emissions and the tailpipe emission results provides the indirect costs of the use phase in €/km. Table 6 neglects the differences between  NMVOC and THC (Tables 4 and 5) as it was not possible to reconcile these due to different data sources but also because the resulting values are very small and the impacts minor compared with the NO x Values for example. As the input values vary greatly (Table 4 ) the results also vary from 0.02 €/km up to 0.74 €/km (values rounded to full euro-cents). The average from all three values is 0.32 €/km which is used in the subsequent evaluation. If climate cost is added to the Inner London NO x and PM cost, the resulting range is 0.10 €/km up to 0.82 €/km.
Total Cost of Ownership
Two major studies have been undertaken on the TCO of H 2 FC Buses [21, 22] . All major stakeholders, including the operators of the H 2 FC Buses, were involved in these studies.
However, both studies calculated the TCO using the conventional definition, which omits indirect costs. Their results are extended in this study to include the indirect costs from emission impact on human health and climate change as calculated above-the extended TCO. The results in Table 7 show that in the immediate future, the H 2 FC buses will remain more expensive in terms of the extended TCO when compared with diesel buses. The gap reduces in the 2020 and 2030 projections. The extended TCO for H 2 FC buses approaches parity with the diesel buses by 2030. Figure 3 uses the production-at-scale scenario from Roland Berger GmbH [21] and shows the split of the TCO components. The depreciation and financing costs are the largest share of the H 2 FC bus specific costs. This is mainly due to the purchase price of the H 2 FC buses, which is mainly determined by the H 2 FC stack (22% of purchase cost in 2012), balance of plant (14% in 2012) and the H2 tank (14% in 2012). While the higher purchase price for H 2 FC buses is predicted to continue into the immediate future, it is expected that the maintenance cost will be comparable with diesel buses after 2020 [21] .
The indirect costs have been added to the diesel bus cost in Figure 3 . There is also a range for the indirect costs (indicated by the bar lines), which on the basis of the currently available calculations, reflect the large range inherent in the indirect costs (0.10 to 0.82 €/km). Table 7 and Figure 3 show that if the benefits of avoiding local emissions are monetized, the H 2 FC bus will reach parity with a diesel bus in the extended TCO in the medium term. However, the indirect costs by emission impact on human health and climate change were calculated for a Euro V diesel bus. If future diesel buses have considerably fewer emissions, this calculation would need to be updated concurrently with updating costs per emission. Given these unknowns, it is not possible to predict if these updated costs will be lower or higher than today.
It is important to note the imbalance in the distribution of indirect costs and benefits. While the indirect costs caused by emissions from fossil fuel burning buses and impacting on human health and climate change are paid by society as a whole, the cost for avoiding such emissions currently has to be carried by the bus operators. Options to deal with this imbalance in the distribution of costs and benefits by, for example, introducing penalty taxes, have to be evaluated and considered in the future. 
Social Analysis and Results
Previous studies on social acceptance of H 2 FC technology in transport have returned largely positive views although they have tended to concentrate on the attitudes of the general public [28] or on stakeholders within the hydrogen industry [25] .
While certainly incomplete in terms of examining the broader concept of social impact and therefore social 'sustainability,' these acceptance studies can be placed in the theoretical framework of 'technology assessment' explored by Grunwald [60] in relation to responsible innovation. This theoretical base posits that the early and broad participation of actors during the early stages of technology use and development will help to ward off "undesirable and possibly disastrous" side effects [60] (p. 18). Grunwald also notes that engaging with citizens early in the process of innovation informs policy on regulation and "improved the practical and political legitimacy of decisions on technology" [60] (p. 20).
Acceptance among Implementers and Users
Interviews with H 2 FC bus drivers before and after driving the buses found that the driver attitudes were highly sensitive to their experiences with the technology. These ranged from "enthusiastic as long as the technology worked" to "frustrated when it failed" [41] .
Partners in the demonstration project and other people working within a H 2 FC bus operation environment were also interviewed to ascertain their attitudes. As the H 2 FC bus technology still needs external support to reach full maturity and to be financially competitive, stakeholder support (particularly that of influential decision makers) is of crucial importance. The level of integration of the project into local and regional contexts was significant in attracting positive attitudes to the technology. Among local decision-makers, attitudes ranged from H 2 FC buses being "already a [serious] alternative to other bus technologies and fuels" to "only an alternative, still having to compete with alternative technologies and fuels" [41] .
Interviews were also undertaken with community members who lived in the H 2 FC bus demonstration regions and were chosen according to certain statistical characteristics (Age, Sex, Education, using public transport). The interviewees believed that the "priority role of public transport services was expected to remain [that of] securing quality ... transport" [41] . While this seemed to be the main driver for acceptance of a new technology, the users interviewed did see the potential environmental benefits of the H 2 FC buses as a bonus.
In summary, among 'implementers and users' H 2 FC buses were seen as an option which was well regarded if they worked reliably. The technology was still not well understood by the users or necessarily regarded favourably by transport decision makers. Particularly for the latter, management of expectations of technology performance and overall system design is essential in order to secure acceptance. This suggests that there is still significant work to do on engaging with all parties involved with the technology. In a social sustainability sense, this is an important and timely reminder.
Acceptance among Sceptics
The two tranches of interviews with sceptics outside the hydrogen industry uncovered few outright critics of hydrogen use in transport [42, 43] . In addition, the general tenor in the re-interview round was more positive than in the first round. The interviewees showed increased awareness of fuel cells and hydrogen and were more positive about the long-term viability of the technology. However, there were three views expressed frequently among this influential group that have significant ramifications for sustainable implementation [43] :
•
The major driver for hydrogen use in the transport system is de-carbonization. If hydrogen powered transport cannot completely or very significantly achieve this, then the case for pursuing this technology is not at all strong.
• Government policy has been and will continue to be the most significant influence in future success or otherwise of hydrogen fuel cell vehicles.
The costs of hydrogen production and acquiring the vehicles must be significantly reduced. This will be particularly important if hydrogen fuel cell vehicles are to be competitive with other non-fossil fuel powered vehicles.
In relation to the last point, this study has opened up the possibility of calculating these costs in a much broader but no less rigorous context by including indirect costs. Achieving these reductions may therefore not be as difficult as some consider.
Placed in the context of the research that has gone before and since, the studies reported here can be seen as a further indicator that social acceptance of the bus technology and its implementation appears not to be a "show stopper." Nonetheless, it also shows there is still more to do in terms of adequately engaging in an appropriate way with the various sectors of the community if the technology is to be fully embraced.
Discussion of Findings and Conclusions
Based on the results for operability and performance, the operational pathway to broad-scale deployment of H 2 FC buses is apparent and being actively pursued as the Joint Initiative for Hydrogen Vehicles across Europe (JIVE & JIVE 2) projects seek to deploy 296 H 2 FC buses across Europe in order to build experience with higher number bus fleets.).
From an environmental point of view, it is clear that a scenario using hydrogen produced via electrolysis using renewable power is highly advantageous compared with a diesel bus system, resulting in around 85% savings in GWP emissions calculated on a cradle to grave basis.
The economic sustainability of H 2 FC buses must address the question of affordability. The crucial point for the TCO is the purchase price of the bus, which, will remain higher according to current projections up to 2030 [21] . Beyond that, if the indirect costs from the impact of emissions on human health and climate change are taken into account, the H 2 FC buses approach parity with diesel buses.
The advantages of the locally emission free use phase could be enhanced in future by evaluation with regionalisation methods which are under development in the LCA community.
With respect to the interaction of the technology with the community, broad scale acceptance and/or positive attitudes towards a new technology are clearly important elements in the technology being sustainable in a social sense. This article and the underlying studies broaden our understanding of the 'context' of this acceptance and provide further support for broad community acceptance.
Significantly it appears that, to those in these studies at least, the contribution of H 2 FC buses to a cleaner environment is more a bonus than a primary reason for their acceptance. Economics and service quality remain overriding issues among those who have direct and decision-making experience with the technology. As an alternative among a menu of alternative fuels, it is clear however that only 'green' hydrogen is acceptable to broader policy makers.
In general, terms this article, supported by previous studies, point to H 2 FC buses being on track to provide a comparable operational service to their diesel counterparts with highly significant environmental and human health benefits and to continue to be able to do so into the future. From the community's point of view, these factors ensure the buses a high level of acceptability for the long term.
However, there are some interactions that work in different directions when considering the various aspects of the sustainability of H 2 FC buses. Using 'green' hydrogen is positive for the environment and general acceptance. However, this increases fuel costs which impacts sustainability from an economics and an acceptability point of view, at least in the short to medium term. This interaction makes the transition towards low cost renewable power crucial for H 2 FC buses although another possibility would be to lower consumption which might be made to occur by using lightweight constructions.
There are certainly challenges to the sustainability of the buses. When economic sustainability is considered in terms of conventional TCO, it is clear that the long-term benefits of H 2 FC buses will come at significant investment cost. This article has presented a first attempt to factor into the economic argument the benefit from reduced emissions on human health and climate change. These calculations suggest that the 'true' TCO should bring the buses to parity with their diesel counterparts around 2030, although the "public good" acquired through the cleaner technology will mean significant on-going subsidization of the "private cost" of the buses. Both from a human health and from a climate change perspective this does not seem unreasonable.
In conclusion, the H 2 FC buses have shown to be more environmentally sustainable than the equivalent diesel bus when green hydrogen is used. This is based on an evaluation across the full life cycle of the buses. More importantly, however, from the perspective of the article's working definition of sustainability, no factors were identified, at this stage, that would categorically prevent future generations from using H 2 FC buses in public transport, on a broad scale, due to damage to the environment or to other factors that impinge on quality of life.
This article has also highlighted four key factors which need to be considered in future assessments of sustainability. They also have important ramifications for policy development.
1.
LCA can be a powerful tool for evaluating environmental sustainability of clean mobility options.
2.
Total Cost of Ownership calculations need to be expanded from the conventional inclusions to take into account the benefits to human health and to the environment from reduced emissions. 3.
Assessments of the costs and benefits of moving to clean mobility options need to take account of the current imbalance between the 'private' costs of the technology and the 'public' benefits to health and the environment.
4.
Social sustainability research needs to broaden beyond the issues of social acceptance. For instance, what will be effect of this new technology on skills requirements and employment? There are already anecdotal concerns abroad about the ramifications for the workforce of the manufacture of the simpler electric engines.
Finally, while this article presents a first attempt towards inclusion of indirect costs from local emissions in the calculation of TCO, not only for climate change but also for human health, more work needs to be done to more accurately calculate these costs and the contribution of zero local emission buses to lowering them. This is not only because of the need for a 'true cost' perspective but also because clearly these factors have significant ramifications for social sustainability.
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